ABSTRACT
INTRODUCTION

43
The explanations for treeline formation focus on limitations of available resources (Stevens & 44 Fox 1991; Susiluoto et al. 2010) , establishment sites (e.g., Smith et al. 2003) , or time 45 available for growth (e.g., Körner 1998), although this ecophysiological causes still remain 46 debated (Tranquillini 1979; Holtmeier 2003; Körner 2003; Cui et al. 2005) . Based on notable 47 similarities in temperatures at treelines (Körner & Paulsen 2004) , Körner (1998) proposed 48 that low temperatures limit the time available for meristematic growth and cell division 49 (Körner 1998). This hypothesis has been supported by phenomenological data. For example, 50 treeline trees tend to have higher amounts of non-structural carbohydrates than trees growing 51 at lower elevation, suggesting that treeline are limited more by growth processes than by 52 photosynthesis and carbon assimilation (e.g. Hoch & Körner 2003; Shi et al. 2008; Fajardo et 53 al. 2012 ). In parallel, dendroclimatic studies have identified a signal of reduced growth 54 during periods with low temperatures at treelines in cold and humid areas (e.g., Mäkinen et al. 55 2000; Oberhuber 2004; Frank & Esper 2005; Ettinger et al. 2011) . 56
Physiological manifestations of the growth limitation hypothesis include a constraint on 57 the production of new cells by meristems below a critical minimum temperature (CTmin) 58 (Körner 1998) and a trade-off between taking maximal advantage of the length of the 59 growing season while avoiding cellular damage due to early (fall, winter) or late (winter, 60 spring) freezing events (Chuine & Beaubien 2001; Kollas et al. 2014) . Such a trade-off would 61 suggest a narrow thermal window for the onset and cessation of xylem formation at treeline. 62
Indeed, recent studies focused on temporal dynamics of xylem formation in various tree 63 species at treeline (Rossi et al. 2007; Seo et al. 2008; Gruber et al. 2009; Moser et al. 2010 ; 64 associated with the onset of cambial activity (Seo et al. 2008) , whereas another estimated a 66 age of 201 ± 24 and 117 ± 14 years, and mean diameters at 1.3-m above ground of 34 ± 4 and 110 44 ± 7 cm in Sites 1 and 2, respectively. Because repeated sampling could cause severe 111 wounding that could modify xylem formation, another five trees per site with homogeneous 112 One microcore (15-mm long, 2-mm diameter) was collected from each tree weekly from May 126 until October around the stem at breast height using a Trephor tool. Immediately after 127 removal from the trees, the microcores were fixed in a formalin-ethanol-acetic acid (FAA) 128 solution. The microcores contained innermost phloem, cambium, developing xylem, and at 129 least three previous xylem growth rings. In the laboratory, the microcores were dehydrated 130 paraffin. Transverse sections (9-12 μm in thickness) were cut from the samples with a Leica 132 RM 2245 rotary microtome using Feather N35H knives (Osaka, Japan). Sections were stained 133 with a mixture of safranine (0.5 % in 95 % ethanol) and astra blue (0.5 % in 95% ethanol) 134 and observed with a Nikon Eclipse 800 light microscope under bright field and polarized 135 light to identify the phases of differentiation of the developing xylem cells. In cross-section, 136 cambial cells were characterized by thin cell walls and small radial diameters (Deslauriers et 137 al. 2003) . Newly-formed xylem cells in the phase of cell enlargement contained protoplasts, 138 had thin primary walls, and a radial diameter at least twice the size of the cambial cells. The 139 onset of cell-wall thickening was determined by birefringence in the cell walls under 140 polarized light. Mature cells had completely red-stained walls and empty lumen. For each 141 sample, the total current xylem cell number was determined by counting the number of cells 142 undergoing enlargement, cell-wall thickening, and the number of mature cells along three 143 radial files (Deslauriers et al. 2003) . 144
145
Data standardization and estimating the rate of xylem formation
146
The data were standardized to compensate the variation in the number of xylem cells along 147 the tree circumference. The total cell number of the previous years was counted on three 148 radial files per sample and used for standardization. The standardized number of cells ncij 149 number in the i th phase of the j th sample was calculated as: 150
where nij is the number of cells in the current year, am is the mean number of cells of the 152 j-sample . 154
We modelled the dynamics of xylem formation by fitting a Gompertz function to the 155 number of xylem cells that were produced through time: 156
where y is the weekly cumulative sum of tracheids, t is the time of the year computed as day 158 of the year, A is an asymptote (constant) and β and k are constants reflecting the x-intercept 159 placement and rate of change, respectively (Deslauriers et al. 2003) . Model parameters were 160 estimated using the Origon software package (Version 8.5, OriginLab Corporation, 161
Northampton, MA, USA). 162
163
Estimation of the onset and ending of xylem formation 164 We used directly observations of cell differentiation to identify the onset, ending, and 165 duration of xylem formation from counts of the number of cells in three radial files per tree. 166
In spring, xylem formation was considered to have started when at least one tangential row of 167 cells was observed in the enlarging phase. Because of the weekly resolution of the monitoring, 168
we used the occurrence of 1-2 enlarging xylem cells along any of the checked three radial 169 files as an indicator the xylem formation had begun (Li et al. 2013) . In late summer, when 170 cells were no longer observed in the wall thickening and lignification phase, xylem formation 171 was considered to have ended. The duration of xylogenesis was estimated as the number of 172 days between the dates of onset and ending of xylem formation; we report the average among 173 trees for each studied site and year. 174 developing xylem ring, were done with generalized linear models (GLM). Homoscedasticity 176 was checked using Shapiro-Wilk and Levene tests. 177
178
Identifying CT min
179
Logistic regression (LOGISTIC procedure in SPSS 16.0) was used to model the probability 180 of xylogenesis as a function of air temperature. Xylem cell production was coded zero (not 181 occurring) or one (occurring). CTmin was estimated as that temperature when the probability 182 of ongoing xylem growth equalled 0.5 (Rossi et al. 2008) . CTmins also were calculated for 5% 183 and 95% of the maximum number of xylem cells. For each tree and year, the model was 184 fitted with three respective daily temperature series (mean, absolute minimum, and absolute 185 maximum). Model verification included the likelihood-ratio χ 2 , Wald's χ 2 for regression 186 parameter and goodness of fit, and Hosmer-Lemeshow C ∧ for possible lack of fit. None of the 187 models were excluded because of a lack of fit. CTmins were compared between sites and years 188 using analysis of variance (ANOVA) models. Model validation was performed by comparing 189 the observations with the predicted values when using estimated CTmins. 190 191 Climate-growth relationships 
Tree-ring modeling 210
We used the Vaganov-Shashkin (VS) model to simulate tree-ring growth at the Smith fir 211 treelines in the Sygera Mountains. The VS model estimates xylem formation and its internal 212 characteristics based on equations relating daily temperature, precipitation, and sunlight to 213 the kinetics of xylem development (Vaganov et al. 2006) . It assumes that climatic influences 214 are directly but nonlinearly related to tree-ring characteristics through controls on the rates of 215 cambial activity processes. To date, it has been successfully used to simulate and evaluate the 216 relationships between climate and tree-ring formation under a variety of environmental 217 conditions in many different regions (Anchukaitis et al. 2006; Evans et al. 2006; George et al. 218 model included soil moisture, depth of root system, temperature sum for initiation of growth, 220 soil water drainage rate, and maximum daily precipitation falling into soil were taken from 221 field observations. For the parameter of minimum temperature, we used the abovementioned 222
CTmin. Model fit was evaluated against an actual high-quality tree-ring width chronology 223 from Smith fir treeline in the Sygera Mts., which was developed and used for paleoclimatic 224 reconstructions in this region (Liang et al. 2009 ). The best estimate of physiological CTmin 225 was found by iteration and comparison between simulated and observed chronologies (1960 -226 2006) . 227
Finally, a single simulated tree-ring width chronology was created for the Smith fir 228 treeline in the Sygera Mts. based on daily climate data from Nyingchi meteorological stations 229 (3,000 m a.s.l.). To account for the altitude differences between Nyingchi and the study sites, 230
we extended the time series of daily temperatures at the treeline back to 1960 based on a 231 linear regression of the Nyingchi data and our own micrometeorological data (r 2 ≥ 0.89, 232
2007-2010). 233 234
RESULTS
235
Micrometeorological conditions at the upper treeline 236
The sampling sites at the upper treeline were cold and humid. In spite of a difference of 110 237 m in elevation and different topographical aspects of the two treeline sites, they had fairly 238 similar temperatures (Supporting Information Fig. S1 ). Annual temperatures (2007 -2010 ) 239 ranged from 0.1 to 0.9 °C, while growing-season (June-September) temperatures ranged from 240 during the monsoon season (June to September). Snowfall mainly occurred from November 242 to May. Due to snowmelt and increased precipitation, soil moisture content increased rapidly 243 from the beginning of April and remained above 30 % from early May until November, and 244 finally decreased to near 0 in late November and early December. The year 2008 was 245 characterized by heavy spring snowfall and had the latest snowmelt and soil thawing during 246 the four studied years (Fig. 1) . 247
248
Xylem formation 249
The onset of xylem formation occurred from late May to early June and differed significantly 250 among years (F = 15.73, P < 0.001). The onset of xylem formation was observed 4 -9 days 251 later in 2008 than in the other years, at both sites (Fig. 2 a) . No difference was found in onset 252 of xylogenesis between sites (F = 2.31, P > 0.05) . Xylem formation ended between the 253 beginning and the end of September and differed significantly among years (F = 10.42, P < 254 0.005), and 1-2 weeks later in 2010 at site 1 (Fig. 2 b) . 255
Overall, the duration of xylem formation lasted from 109 to 125 days (Fig. 2 c) , with no 256 significant differences detected between sites (F = 3.80, P > 0.05). Conversely, there were 257 Table S1 and Fig. S2 ). Intra-annual xylem cell production was 264 significantly and positively correlated with daily minimum and mean air temperatures and 265 GDD > 5 °C at both sites (Fig. 3 a, b) . However, only minimum temperature was 266 significantly correlated with growth indices after removing the growth trends (Fig.3 c, d ). At 267 site 1, positive correlations between growth indices and minimum temperature were found for 268 time lags of 0 -3 days (r = 0.34, P <0.05), whereas the corresponding time lags were 7 -10 269 days at site 2 (r = 0.42, P <0.05). No significant correlations were found between xylem cell 270 production or growth index and precipitation from P0 to P10. 271
272
CT min
273
The critical minimum air temperature (CTmin) at which there was a 0.5 probability that xylem 274 formation was ongoing is shown in Fig. 4 and Table 1 for Site 1 (2007 -2010) and Site 2 275 (2007 Site 2 275 ( -2009 . Based on direct observations of xylogenesis, the values respectively for 276 minimum, mean, and maximum temperatures of 0.6, 4.0, and 9.3°C were estimated for the 277 onset of xylogenesis, while the corresponding values for the ending of xylem differentiation 278 were 0.7, 3.9, and 9.0 °C. There were no differences among critical temperatures for the onset 279 and ending of xylogenesis (ANOVA, P>0.05), with values of 0.7 ± 0.4, 3.9 ± 0.5, and 9.1 ± 280 0.6 °C for the minimum, mean and maximum temperatures, respectively. No significant 281 differences were found between the two sites in terms of the estimated air temperature 282 thresholds for the onset and ending of xylogenesis (ANOVA, P > 0.05). The mean air 283 temperature during the period of xylem formation based on weekly observations at both sites 284 for values of CTmin >1°C (Fig. 6) . Overall, significant, positive correlations were found 291 between the modeled and real chronologies when CTmin varied within the range of 0.7 ± 292 0.4°C (r = 0.62, P < 0.01). 293
294
DISCUSSION
295
The importance of temperature for xylem formation during and after its onset has been 296 demonstrated repeatedly (e.g., Oribe et al. 2001; Gričar et al. 2006; Rossi et al. 2008) . These 297 and other data suggest that air temperature, not soil temperature, directly limits xylem 298 formation at high latitudes and altitudes (Rossi et al. 2007; Lenz et al. 2012; Lupi et al. 2012) . 299
Minimum temperature is assumed to be an important driver of tree species range limits 300 together with a mean air temperature of 6.8 °C during the growing season extended by this 340 low CTmin meets these prerequisites for tree growth and development. 341
The dates of snow melting and soil thawing also are thought to be critical for the onset of 342 xylogenesis and could therefore determine the annual xylem production (Vaganov et al. 343 1999) . At our treeline sites, the onset of xylem growth occurred 7 -30 days after soil thawing 344 in spring, which coincided with the surpassing of CTmin. This temporal lag might be related to 345 a strategy of avoiding the risk of freezing damage during early cell development. 346
The growth limitation hypothesis predicts that the absence of trees above the treeline is 347 attributable to critical minimum temperature for growth (Körner 1998). Treeline trees often 348 have slower growth rates and higher non-structural carbohydrate levels than trees at lower 1955 1960 1965 1970 1975 1980 1985 1990 1995 Plateau. Dotted horizontal lines show the 95% confidence limits. Abbreviations: MaxT = 603 maximum temperature, MeanT= mean temperature, MinT= minimum temperature and P = 604 precipitation. 605
